We present gated silicon single photon detectors based on two commercially available avalanche photodiodes (APDs) and one customised APD from ID Quantique SA. This customised APD is used in a commercially available device called id110. A brief comparison of the two commercial APDs is presented. Then, the charge persistence effect of all of those detectors that occurs just after a strong illumination is shown and discussed.
Introduction
Silicon single-photon avalanche diodes (Si SPADs) are a standard solid-state solution for singlephoton detection in the visible and near-infrared [1] . In particular, Si SPADs can attain high photondetection efficiencies and extremely low dark-count rates. The structure based entirely on Silicon has only a limited number of traps in the multiplication region, resulting in a device that is little affected by afterpulsing effect (in contrary to InGaAs/InP APDs). Thus, Si SPADs are normally used in freerunning mode. However, recently the advantages of gating a thin Silicon diode have been explored for near-infrared spectroscopy experiments [2, 3] .
Here we take two general situations, which have been defined in [4] , where a gated Silicon detector shows some essential advantages:
(a) Detecting a photon hidden in continuous faint light: in this scenario ( figure 1(a) ) the detector is continuously illuminated by faint light. The time interval between two subsequent photons is, on average, smaller than the dead time of the detector. The photons of interest are hidden in the beam but their arrival times are known. Under these conditions, a free-running detector is saturated or even blinded, reducing the detection probability. This situation can be found in quantum-cloning [5] and faithful swapping [6] experiments.
(b) Detecting a photon arriving after a strong pulse: in this scenario (figure1(b)) a strong pulse impinges on the detector before the arrival of the photon of interest. Hence, when the photon of interest arrives, a free-running detector is either in its dead time or its noise is highly increased by A afterpuls called ch [9] , in fl strong p
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Electrical signals
In figure 6 , we can see the output signal of the electrical circuit for thick junction APD when an electrical gate is applied but no avalanche occurs. The strong spikes have been reduced below 0.1V and 0.4V for the EXCELITAS and Laser Components diodes respectively. We spent time to reduce the spikes, but we did not try to perfectly compensate for them, so we do not claim that Laser Components diodes are more difficult to compensate than the EXCELITAS ones. This residual noise is sufficiently small to discriminate the output signal corresponding to an avalanche, as can be seen in figure 7 . 
Efficiency vs. noise
The first measurement which has been performed on the gated modules is a noise vs. efficiency characterization. EXCELITAS diode has a thicker absorption region than the junction of Laser Components APD. So EXCELITAS has a higher efficiency value for near infrared light, whereas Laser Components diode is more efficient around 600nm. That's the reason why we characterize the diodes at both wavelengths: 655nm and 808nm. The results of the measurements are shown in figure 8 and 9. As expected, at a given excess voltage value the SAP500 is more efficient than the C30902 at 655nm. This is the opposite situation at 808nm. With an excess voltage of 10V, the efficiency values of the SAP500 are 64% at 655nm and 37% at 808nm. With an excess voltage of 20V, the efficiency values of the C30902 are 60% at 655nm and 64% at 808nm. The shape of the detection gate of EXCELITAS for two values of the excess voltage is shown in figure  10 . As can be seen the effective detection gate width is about 18ns when the electrical gate width is 20ns. This slight reduction is due to the rising and falling times (<2ns). The dark-count probability values are presented in figure 11 as a function of the excess voltage. This probability is given per ns of effective gate. The efficiency values given in the graph correspond to the measurement performed at 655nm. Based on the two samples (one for each APD type) we measured that the noise of Laser Components APD is lower than the one of EXCELITAS even if the Laser Components diode works at higher temperature. The noise probability value is 1.5e-6 per ns of effective gate for the SAP500 when the efficiency value is 64% at 655nm. The noise probability value is 6e-6 per ns of effective gate for the C30902 when the efficiency value is 64% at 808nm. Similar characterization measurements have been performed for the id110. The APD used in the id110 has a very thin junction compare to the two other diodes. That makes the id110 suitable for short wavelengths (~550nm). This is why it has been calibrated at shorter wavelengths than the ones used for SAP500 and C30902. The spectral response of the id110 is shown in figure 12 . The maximal efficiency of this detector is within the range 500 to 600nm, where the efficiency value is about 24%. At this efficiency value, the noise probability is around 2.7e-6 per nanosecond of effective gate when the APD is cooled down to -40°C. The relationship between efficiency and dark-count probability is shown in figure 13 . 1.0x10 -6
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Charge persistence effect
In order to quantify the impact of the charge persistence effect, we simulate the scenario (b) by sending intense optical pulses on the detector and measuring the noise level as a function of the temporal delay from the arrival time of this intense pulse. Examples of the results of this kind of measurement are shown in figures 14 and 15. Figure 14 corresponds to a measurement performed with the SAP500 APD when we change the intensity of the optical pulse. Figure 15 shows the results obtained with the C30902 APD. In both cases, the repetition rate is 100 kHz and the APDs are cooled down to -20°C. As can be seen on both figures, the probability of having detection when the detector is activated while the photons impinge the detector is 1. When the delay between the time of arrival of the photon and the time of activation of the detector is increased, the number of counts decreases but it is not equal to the dark-count level. The additional noise comes from the charge persistence effect. For example, in figure 14 , when the intense pulse contains 10 photons, the impact of the charge persistence effect is negligible after 50ns, whereas it is still important after 1us when the intense pulse contains at least 1000photons. In figure 15 , the charge persistence effect seems to be negligible after 50ns whatever the number of photons of the intense optical pulse is. However, the noise level of the C30902 is much higher than the one of the SAP500, so it is difficult to compare quantitatively the charge persistence effect for the two diodes.
It has to be noticed that a free-running detector based on the same APDs and a passive quenching circuit would have been blinded during the same period because of its dead time is about 1us. This demonstrates the advantage of the gated mode compare to the free-running mode in scenari (a) and (b). Indeed, the gated mode allows one to get a detector which has its highest efficiency value when the signal photon is arriving. The photons preceding the signal photon will just impact on the noise of The id110 is a module able to run in gated mode or in free-running mode. To demonstrate the advantages of the gated mode in scenari (a) and (b), we measured the noise level after a strong illumination of the APD when it runs in both modes. The strong pulse intensity is of 1000 photons per pulse. The results of this measurement are shown in figure 16 . For both measurements, the efficiency of the id110 was set at 22.3%. Gate width of 20ns has been used when the module is running in gated mode. When the id110 module runs in free-running mode, a dead time of 70ns is applied. In order to get an integration time similar between the two measurements, we set the output signal of the id110 to 5ns and we count the coincidences with an electrical gate of about 10ns. For clarity of the chart, the delay values have been shifted by 100ns. It allows the use of logarithm scale for the x axis. As can be seen in figure 16 , in gated mode, the id110 has roughly the same behaviour that the two thick junction APDs. The charge persistence effect disappears after about 100ns.On the contrary, in free-running mode, the detector is blinded during the 70ns dead time period (it looks a bit shorter on the graph because of the convolution with the output detector gate and the electrical gate used for coincidence). The noise is not equal to zero when the detector is blinded because there is a tiny probability that the detector was not active when the laser pulse arrived due to a dark-count few tens of ns before. During the 70ns following the arriving of the laser pulse the efficiency in free-running mode has been estimated to be 6e-4 times smaller than the efficiency before the laser pulse arrives. This demonstrates that the gated mode allows one to keep a high efficiency when we activate the detector independently of the number of photons arriving before the signal (scenario (a) described in introduction). Unfortunately, in both operation modes, the strong light pulses increase the probability to have a dark-count in the following tens of nanoseconds. However, for free-running mode this extra-noise, which is mainly due to afterpulsing effect, takes more time to be back in normal conditions (10 us). In gated mode, the extra noise is originated by charge persistence and the operating conditions are recovered more quickly (about 100 ns). So the extra-noise originated by the strong pulses in free-running mode (due to afterpulsing effect) is larger than the one in gated mode (due to charge persistence) whereas the noise level is higher in free-running mode. This demonstrates the suitability of the gated mode in the scenario (b). 
Conclusions
We presented two scenari where gated mode has a strong advantage to drive Silicon APDs in Geiger mode compare to the standard passive quenching mode. The working of three types of Si-APDs has been shown with two different electrical circuits. The measurement of the noise level after the illumination of the diode by a more or less intense laser pulse demonstrated typical cases where gated mode is essential when high signal to noise ratio is crucial.
